Abstract. Silver nanoparticles (AgNPs) has been widely used in various industries, thus inevitably released into the aquatic environment, including the coastal environment, which is under serious anthropogenic influences. This study assessed the toxicity of AgNPs （0.1 and 1.0 mg/L） in the absence and presence of 1μM cysteine on the marine phytoplankton Chlorella vulgaris exposed for 96 h. Results showed that AgNPs have a negative effect on Chlorella vulgaris, as demonstrated by a significantly decrease in chlorophyll content, increase SOD, CAT activity and MDA content. However, these indicators were not significantly affected by adding cysteine. Thus, these results imply that cysteine alleviated toxic effects of AgNPs. Further research on nanoparticles to aquatic organisms are needed, in order to better understand the ecotoxicological effects of nanoparticles.
Introduction
Engineered nanoparticles, with varying sizes that range from 1 to 100 nm, are incorporated into an increasing number of products such as textiles, food storage containers, electronic products, catalysts and even food additives due to the unique properties (such as high specific surface area and mobility). Silver nanoparticles (AgNPs), with production volumes of 500 tonnes per year, are one of the most popular and fastest growing engineered nanomaterials for their promising antimicrobial properties [1] . Because of their widespread application in all kinds of consumer products, it is inevitable that NPs are released in the aquatic environment, which could potentially lead to unexpected health or environmental hazards. However, once NPs are released into the natural environment, their fate and behavior are largely unknown. Toxic effects of nanoparticles on aquatic organisms remain to be evaluated.
In particular it is unclear whether toxicity of AgNPs is specifically related to unique properties or is due to the effects of Ag + ions. Toxic effects of AgNPs may be related to damages to cell membranes, to oxidative stress, or to interactions of Ag + ions with proteins and enzymes [2] . Less information is available on the uptake and toxicity of AgNPs to algae.
The objective of this work is to explore the mechanism of the toxicity of AgNPs to seawater algae. C.vulgaris is selected as a test organism to examine the biochemical and behavioural responses and whether toxicity of AgNPs is related to release of Ag + from the AgNPs. A ligand (cysteine) is used to decrease the Ag+ concentration and thus to disentangle the contribution of Ag + and AgNPs to the overall toxicity. Therefore, a 96 h experiment was conducted. After the termination of the experiment, the growth inhibition of C.vulgaris and the change in its antioxidant defense were investigated.
Materials and Methods
Silver nanoparticles (Ag NPs) and Cysteine were obtained from Sigma-Aldrich (Germany) with the particle size declared as <100 nm, surface area as 5.0 m 2 g and density 10.49 g cm. A stock suspension of 400 mg/L AgNPs was prepared by dispersing the nanoparticles in the F/2 medium and ultrasonicating for 30 min before use. All reagents were analysis purity. All glassware was soaked in nitric acid for 12 h and sterilized in an autoclave.
Algae Cultures
Algae cells were cultured in a modified f/2 medium [3] at 22±1℃ with light illumination of 5000 lux in a 12:12 light-dark photocycle. The samples were maintained under static conditions and shaken by hand twice each day to obtain a homogenous cell distribution. The cells were utilized for a toxicity test at the mid-exponential growth phase.
Exposure Protocol
C.vulgaris in the logarithmic phase were exposed to 0.1and 1mg/L AgNPs in the absence and presence of 1μM cysteine for 96h. 200 ml of algal culture were used for each exposure treatment.
The biomass of algae was tested every 24h.
The relative growth rates were calculated with the equations as follows [4] :
Relative growth rate=
N 1 and N 0 are the cell density at times T 1 and T 0 , respectively; After 96 h of exposure, chlorophyll a of test algae was extracted in 90% ethanol in the dark for 24 h, followed by 10 min of centrifugation at 4000 rpm. The light absorbance of the supernatants was measured at 663 nm, 645nm with a UV-vis scanning spectrophotometer (UV-2550.SHIMADZU, Japan), and 90% ethanol was set as the control.
The biochemical indicators included total protein, superoxide dismutase (SOD), catalase (CAT), and malondialdehyde (MDA) were measured using a diagnostic reagent kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer ' s instructions.
Statistical Analysis
Results were expressed as mean value ± standard deviation ( n = 3 ). All tests in this study were conducted in triplicate. The data were analyzed using Origin 9.2 software (OriginLab, Northampton, MA, USA). One-way analysis of variance (ANOVA) was conducted to evaluate the significance of different treatments. Differences were considered statistically significant when p < 0.05. Statistical analyses were conducted using IBM® SPSS® Statistics 19.0. To gain a better understanding of AgNPs behaviors in the aqueous environment, physiochemical properties of AgNPs were investigated. Aggregation has a significant influence on transport of nanoparticles in the environment [5] . Aggregation and dispersion can change their toxicity in different environment. The TEM image confirmed that the aggregation and agglomeration. The mean particle size of AgNPs was calculated to be 44.59 ± 14.15 nm. Relative growth rate of microalgae C.vulgaris under different concentrations of AgNPs within 96 h was shown in Fig.2 . Under treatment of different AgNPs concentrations, relative growth rate had a significant increase compared with control at initial 24 h, may be due to AgNPs stimulate growth. Relative growth rate began to decrease at 48 h under 1mg/L AgNPs concentration, then increase at 72 h. The relative growth rate of 0.1 mg/L AgNPs on microalgae was clearly higher than that of 1mg/L AgNPs. The microalgae nearly stopped growing under different concentrations of AgNPs at 96 h. However, in general, the tendency of relative growth rate in treatment groups was not obviously change than that of control group. This may be due to the formation of larger aggregates in f/2 medium, then precipitation to the bottom, which caused a lower opportunity for the contact between AgNPs and algae cells [6] . The stronger tolerance of C.vulgaris to adverse conditions could also be one of the reasons [7] . To further understand the effects of AgNPs on C.vulgaris, the chlorophyll a content when exposure to different concentrations was determined. As shown in Fig.3(a) , the Chl a content of C.vulgaris in 0.1 mg/L AgNPs group was not significantly different from that of 1mg/L AgNPs group, and the Chla content of C.vulgaris in both the 0.1 and 1 mg/L AgNPs significantly decreased than that of the control ( p ＜ 0.05 ). Interesting, Cysteine significantly increased the Chl a content of C.vulgaris in 1 mg/L AgNPs group ( p ＜ 0.05 ), the value was about 2-fold of the control. This phenomenon indicate that cysteine was a suitable ligand to decrease Ag + availability. Cysteine reduced AgNPs toxicity. Zhao et al [8] also demonstrated that AgNPs presented no acute toxicity to the daphnids when the released Ag + was complexed with cysteine. 
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The level of MDA can reveal the cell membrane lipid peroxidation and reflect the degree of cell damage from ROS indirectly. In the current study, the change in MDA content during exposure is shown in Fig 3(b) . Oxidative stress has been proposed as the primary mechanism of AgNPs toxicity. When SOD activity is stimulated, its ability to eliminate free radicals is improved at a low concentration of the toxicant, thereby protecting algae from oxidative damage [9] . To determine whether the antioxidant system that was induced by AgNPs, SOD activity and CAT activity were determined. As shown in Fig.4(a) , SOD activity were significantly increased with AgNPs concentration increasing (p ＜ 0.05). The SOD activity of exposure to 1 mg/L AgNPs showed a 2.15-fold increase compared to that of the control group. Moreover, Cysteine significantly decreased SOD activity. Meanwhile, the CAT activity possessed a similar trend as SOD activity [ Fig.4(b) ]. Similarly, the increased activities of CAT indicate a potential protection against oxidation by these antioxidant enzyme. Moreover, concerning the influence of cysteine, CAT activity returned to the similar level as the control and SOD activity was even lower than the control. This indicated that cysteine alleviated the oxidative stress of AgNPs towards C.vulgaris with regard to the functions of SOD and CAT.
Conclusions
In summary, exposure to AgNPs cause oxidative stress in microalgae C.vulgaris as evidenced by the breakdown of the antioxidant defense system, the cause of lipid peroxidation. Meanwhile, the existence of cysteine decreased the toxicity of AgNPs in microalgae C.vulgaris. Cysteine, a strong silver ligand, proved useful to examine the contribution of Ag + to the overall toxicity of AgNP. Our study confirmed that AgNPs toxicity to C.vulgaris is due to the releasing of Ag + . Understanding these phenomena would be beneficial in the effective ecological risk assessment and management of nanomaterials. As a consequence, future investigations are urged considering the diversity of nanoparticle characteristics, their fate and ecotoxicological potential under varying, field relevant environmental conditions.
